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Abstract
The eective electromagnetic current density for a two-nucleon system
that is described by the Blankenbecler-Sugar equation is derived. In addition
to the single nucleon currents there are exchange currents of two dierent
origins. The rst is the exchange current that is required to compensate for
the violation of the continuity equation in the impulse approximation. The
second is an exchange current, which arises in the quasipotential reduction
from the Bethe-Salpeter equation, and which represents eects of suppressed
degrees of freedom. Explicit general expressions are given for both of these




The Blankenbecler-Sugar (BSLT) equation [1, 2] provides a convenient
three-dimensional quasipotential framework for describing two-body bound
states by covariant amplitudes dened as functionals of local quantum elds.
The relation between the underlying Bethe-Salpeter (BS) wave function and
the invariant electromagnetic form factors [3] determines the eective cur-
rent kernel, which yields the electromagnetic form factors when folded with
the covariant deuteron vertex. The relation of the form factors to the BSLT
wave functions rests on the observation that the deuteron vertex obtained
by applying the quasipotential to the BSLT wave function is identical to the
vertex obtained by applying the BS potential to the BS wave function [4]. In
the impulse approximation this observation is sucient for the calculation of
form factors in terms BSLT wave functions. The elimination of the explicit
negative-energy components of the Dirac spinors by the quasipotential re-
duction results in the appearance of eective two-nucleon exchange currents.
It is the aim of this paper to derive explicit expressions for these exchange
currents.
Lorentz invariant equal-time constraints and the well-known partial frac-
tion decomposition of the single nucleon propagator facilitate a detailed com-
parison with conventional exchange current phenomenology, which is based
on a reduction of Hamiltonian dynamics of nucleons, antinucleons and mesons
to eective Hamiltonians and current operators acting on the two-nucleon
Hilbert space [5]. In this context anti-nucleon degrees of freedom can be de-
scribed by including negative-energy Dirac spinors among the nucleon degrees
of freedom. The eective exchange currents resulting from the elimination
of these negative energy-Dirac spinors can be compared to the eective ex-
change currents arising from the elimination of negative-energy Dirac spinors
in quasipotential reductions.
In Section 2 we summarize the main features of the exact Mandelstam-
Bethe-Salpeter relations and associated exact quasipotential reductions. These
features yield exact expressions for current matrix elements based on ax-
iomatic properties of local quantum eld operators. The three- and four-point
vertex functions obtain equivalently as solutions of BS or BSLT equations.
In practice an assumed covariant quasipotential and the three-point current
vertex form the input for the BSLT phenomenology. The relation between
1
the Bethe-Salpeter phenomenology and quantum eld theory is merely for-
mal. Questions of consistency of common practices with basic principles are
outside the scope of this paper. In order to make contact with conventional
exchange current phenomenology, which is based on nonrelativistic quantum
mechanics, we decompose the BS impulse approximation for the current ma-
trix element into a reduced BSLT impulse approximation and an eective
exchange current.
The impulse approximation for the two-nucleon current vertex does not,
in general, satisfy current conservation even at the level of the BS equation.
This violation of current conservation in the impulse approximation must be
compensated by additional two-nucleon currents. In the framework of the
Bethe-Salpeter formalism Gross and Riska [6] have shown how to exploit the
Ward-Takahashi identities [8, 9] of the three-point current vertex to restore
current conservation by a minimal two-nucleon current constructed as a func-
tional of the BS potential. In Section 3 we derive a corresponding minimal
two-body current kernel as a functional of the BSLT potential.
In Section 4 we describe the relation between the exchange currents for
the BSLT framework and the conventional phenomenological exchange cur-
rent operators and show that in the static limit there are terms that agree
with the pair current operators of the quantum mechanical formulation. Sec-
tion 5 contains a concluding discussion.
2. The effective current kernel
2.1 The Mandelstam-Bethe-Salpeter relations
Matrix elements hPf jJµ(x)jPii of the electromagnetic current-density op-
erator Jµ(x) between the eigenstates jPii and jPfi of the total momentum
operator are the quantities directly related to cross sections for elastic and
inelastic electron scattering as well as photo-disintegration. In the Bethe-
Salpeter framework these matrix elements can be expressed in terms of Bethe-
























2; p1; p2)ΨPi(p1; p2) : (2.1)
Here the Bethe-Salpeter wave functions ΨP (p1; p2) are Fourier transforms
of matrix elements of time ordered products of nucleon eld operators of
the form h0jTf (x1) (x2)gjP i. These can be extracted from the four-point
Green function G(x01; x
0
2; x2; x1), which is dened as the vacuum expectation
value of a time ordered product of local operator valued distributions as
G(x01; x
0
2; x2; x1) := h0jTf (x01) (x02)  (x2)  (x1)gj0i : (2.2)
The Green function with the assumed spectrum of the four-momentum opera-
tor determines the Bethe-Salpeter wave functions of bound states. Scattering
states are obtained by the large time limits of the eld operators [7].
The current kernel Kµ(p01; p
0
2; p1; p2) is related to the Fourier transform of









Here the Green function is treated as a formal integral operator, for which
an inverse is a assumed to exist.
The Bethe-Salpeter equation for a bound state wave function Ψ may be
written formally as
G−1Ψ = (G−1f − U)Ψ = 0 ; (2.5)





2; x2; x1) := h0jTf 1(x01)  1(x1)gj0ih0jTf 2(x02)  2(x2)gj0i ; (2.6)
and the Bethe-Salpeter potential U is dened as the dierence between the
full and free inverse Green functions:
U := G−1f −G−1 : (2.7)
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Functions dened as vacuum expectation values of products of local eld
operators become products of vacuum expectation values for large spatial
separation of the points. The \truncated vacuum expectation values" are








2; x2; x1) + h0jTf 1(x01) 2(x02)  2(x2)  1(x1)gj0iT ;
(2.8)
where the subscript T indicates the truncated part and the two particle are
assumed to be distinguishable. For the ve-point current vertex a similar
cluster decomposition involves products of the three-point current vertex,
Rµ3 (x
0
1; x1) := h0jTf (x01)Jµ(0)  (x1)gj0i; (2.9)
with the single-nucleon Green function,
G1(x
0
2; x2) := h0jTf (x02)  (x2)gj0i ; (2.10)


















+h0jTf 1(x01) 2(x02)Jµ(0)  2(x2)  2(x1)gj0iT : (2.11)
In the \relativistic impulse approximation" the current vertex Rµ5 is approx-
imated by the rst two terms on the right hand side of eq. (2.11),




µ Gf : (2.12)
The remainder REXµ := Rµ − RIAµ represents a two-nucleon \exchange" (or
\interaction") current, which vanishes in the absence of interactions.
As a consequence of translational invariance the Fourier transforms of the




2; p1; p2) = 





2; p1; p2) = 
(4)(P 0 − P )(4)(p0 − p)G0(p; P ) : (2.14)
Here the total and relative momenta are denoted by P and p respectively:
P := p1 + p2 ; p :=
1
2
(p1 − p2) : (2.15)
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In a quantum eld theory with non-trivial interactions the two-point
Green function G1(x
0; x) cannot be equal to the free-eld Green function.
In other words the continuous part of the Lehmann weight cannot vanish. It
is common practice in nuclear BS phenomenology to ignore the continuous
part of the Lehmann weight. We will adhere to this practice in the follow-
ing. The free-nucleon propagator G0(p; P ) is then dened as the product,
G0(p; P ) := S(p1)S(p2), of the single-nucleon propagators, S(pk), (k = 1; 2):
S(pk) :=
−1
2i[γ(k)  pk + (m− i=2m)] =
γ(k)  pk −m
2i(p2k +m
2 − i) : (2.16)
From the denitions (2.7) of the BS potential and
TP (p
0; p) := G0(p0; P )−1GP (p0; p)G0(p; P )− 4(p0 − p)G0(p; P )−1 (2.17)
of the four-point vertex TP (p
0; p) follows the Bethe-Salpeter equation
TP (p
0; p) = UP (p0; p) +
∫
d4p00UP (p0; p00)G0(p00; P )TP (p00; p) : (2.18)
In practice an assumed Bethe-Salpeter potential UP determines the four-point
vertex TP (p
0; p) and hence the Green function
GP (p
0; p) = 4(p0 − p)G0(p; P ) +G0(p0; P )TP (p0; p)G0(p; P ) : (2.19)
It follows from the relation of the Green function to products of local eld
operators that the BS wave function of the deuteron,
ΨPi(p1; p2) = 
(4)(Pi − P )P (p) ; (2.20)









0)ΓP (p) ; (2.21)
where ΓP (p := G
−1
0 (p; P )P (p). As a consequence the deuteron vertex ΓP (p)
satises the BS equation
ΓP (p) =
∫
d4p0UP (p; p0)G0(p0; P )ΓP (p0) (2.22)
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G0(p; P )ΓP (p) = 2P
0 : (2.23)
Here the covariant normalization convention for momentum eigenstates
∫
d4P 0 jP 0i(P 02 +M2)hP 0jP i = jP i; (2.24)
has been used. The relations (2.21) and (2.23) make it possible to extract the
matrix element hPf jJµ(0)jPii for elastic electron deuteron scattering from eq.
(2.4) [3, 10]. The result is
theMandelstamrelation
hPf jJµ(0)jPii = ∫ d4p0 ∫ d4pΓPf (p0)G0(p0; Pf)Kµ(Pf ; p0;Pi; p)G0(p; Pi)ΓPi(p) :(2.25)
For inelastic processes the construction of current matrix elements is
based on the observation that the eld operators  1(x1)  2(x2) converge
to the \out" elds [7] for large positive times. The action of a product of
\out" elds on the vacuum generates scattering states j~Pf ; ~pfi. Current ma-
trix elements for inelastic processes can be obtained by taking the large-time
limit,
















d4pGPf (pf ; p




2. The large time limit of the free Green function










= (γ(1)  p1 −m)(γ(2)  p2 −m)(p01)(p02)(p21 +m2)(p22 +m2) :
(2.27)
Thus it follows from eqs. (2.26) and (2.19) that
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h~pf ; ~Pf jJµ(0)jPii = (γ
(1)  p1f −m)(γ(2)  p2f −m)
4E1fE2f{∫





d4pTPf (pf ; p




In the impulse approximation K ! KIA we have, with Q := Pf − Pi,
G0(p
0; Pf)KIA(Pf ; p0;Pi; p)G0(p; Pi) =
(p0 − p− 1
2
Q)S(p01)K
(1)(p01; p1)S(p1)S(p2) + (1 $ 2) : (2.29)
The term (1 $ 2) is equal to the rst term with all the coordinates of the
two nucleons interchanged.
For elastic scattering the current matrix elements in the impulse approx-
imation are therefore




d4p(4)(p0 − p− 1
2
Q)
ΓPf (p0)S(p01)K(1)µ (p01; p1)G0(p; Pi)ΓPi(p) + (1 $ 2) ; (2.30)
whereas for inelastic scattering we have
hPf ; ~pf jJIAµ (0)jPii =









d4p0(p0 − p− 1
2









The second term has the same formal structure as the elastic matrix element.
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When G−1P is replaced in the normalization condition (2.23) by the cor-








(1)0G0(p; P ) + (1 $ 2)
]
ΓP (p) = 2P
0 : (2.32)
In this form the normalization of the wave function manifestly guarantees
the correct value of the total charge in the impulse approximation.
For p01
2 = p21 = −m2 the single nucleon current vertex K(1)µ (p01; p1) can be





















 3F V2 . The usual practice of
assuming the (2.33) for all values of p1 and p
0
1 violates the Ward-Takahashi
identity [8, 9], which is required by the gauge covariance of the single nucleon
propagator. Even after this defect is removed the impulse approximation
(2.30) violates current conservation for typical nuclear interactions [6]. The
exchange currents that are required to cure this deciency will be discussed
in Sec. 3.
For the evaluation of the integrals (2.30) and (2.31) it is convenient to
use as an integration variable the Lorentz invariant relative energy, k0 of the
target,
k0 := −p  P^i ; P^i := Pi=Mi ; (2.34)
and the four-vector ~p,
~p := p− k0P^i; (2.35)
which is the transverse component of the relative momentum. The corre-
sponding variables of the nal state,
k00 := −p0  P^f ; P^f := Pf=Mf ; ~p0 := p0 − k00P^f ; (2.36)
are related by the momentum constraint p0 = p+ 1
2
Q. For elastic scattering,
M := Mi = Mf , we have the relations
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k00 − k0 = − ~p
0 Q+ ~p Q
2M(1 + )
;













(Pf + Pi); (2.37)
and










2 − ~p2 = (k00 − k0)(k0 + k00 −M) ; (2.38)
where we use the notation  := Q2=4M2. For inelastic processes, for which
Mf 6= Mi, the relations (2.37) and (2.38), which give k00 and ~p0 Q as functions

















































The four-vector ~p is determined by three independent variables, the choice
of which is not important for the following development. For completeness
we nevertheless list some appropriate choices and their relationships in the
Appendix. Any Lorentz invariant function of the two four-momenta p and
P is a function of k0, M and ! :=
p
~p2 +m2.
The Blankenbecler-Sugar constraint restricts k0 to 0 while the invariant
equal-time constraint, P  (x1 − x2) = 0 is realized by integration over k0.
These features play a crucial role in the interpretations of the impulse ap-
proximation for the current matrix elements.
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2.2 Quasipotential reductions
Quasipotential reductions of the Bethe-Salpeter formalism are useful for
the explicit construction of deuteron vertex ΓP (p) and the four-point ver-
tex TP (p
0; p). These reductions are generated by a two-nucleon propagator
g0(p; P ) that constrains the relative momentum to a three-dimensional man-
ifold. We will restrict ourselves to quasipotential propagators that involve
the BSLT constraint p  P = 0,
g0(p; P ) = (k
0)g^0(~p; P ) : (2.41)
The Bethe-Salpeter equations (2.18) for the four-point vertex, and (2.22)
for the deuteron vertex, are equivalent to the quasipotential equations
TP (p
0; p) = VP (p0; p) +
∫




d4p0VP (p; p0)g0(p0; P )ΓP (p0): (2.43)
Here the quasipotential VP is determined by the BS potential UP by the
integral equation
VP (p0; p) = UP (p0; p) +
∫
d4p00VP (p0; p00)[G0(p00; P )− g0(p00; P )]UP (p00; p):
(2.44)
From the BS equation (2.22) and eq.(2.44) follows the identity
∫
d4p0UP (p; p0)G0(p0; P )ΓP (p0) 
∫
d4p0VP (p; p0)g0(p0; P )ΓP (p0) : (2.45)
It should be emphasized that the vertices ΓP (p) and TP (p
0; p) that are ob-
tained by solving equations (2.42) or (2.18), and (2.43) or (2.22) are identical
when the potentials are related by eq. (2.44). Either potential may be consid-
ered the primary quantity constructed from appropriate Feynman diagrams.
The other is then dened by eq. (2.44).
The quasi-potential reduction provides not only a convenient device for
the construction of the vertices, but it is also designed to provide contact
with the nonrelativistic quantum mechanical description and conventional
exchange-current phenomenology. For that reason we wish to express the
10
matrix element hPf jJIAµ (0)jPii as a matrix element with respect to BSLT












and the scattered wave
TPf (pf ; p
0)g^0(~p0) ; (2.47)
are dened for all values of p and p0. This is important because the initial
and nal BSLT constraints k0 = 0 and k00 = 0 are incompatible [12] with the
momentum constraint p0 − p − 1
2
Q = 0, which implies the relations (2.37).
Thus the current matrix element will necessarily involve values of the BSLT
wave functions for nonvanishing values of k0.
When the quasipotential is an \instantaneous" interaction, i.e. when
VP (p0; p) = V(~p0; ~p), it is evident from eq. (2.43) that the deuteron vertex
and the BSLT wave function are independent of k0. In general the vertices
ΓP and TP are slowly varying functions of k
0, which for qualitative discussion
may be treated as constants.
Inspection of the normalization integral (2.32) will provide essential guid-
ance to an appropriate choice of the quasipotential propagator. For that
purpose we express the integrand of the normalization integral explicitly as














the nucleon propagators (2.16) take the form
S(p1) = −[+1 D+(−k0) + −1D−(k0)] ;
S(p2) = −[+2 D+(k0) + −2 D−(−k0)] ; (2.49)





k0 + (! − 1
2










The Dirac spinor matrices k , dened by
1 :=
−γ(1)  ~p !(1) +m
2!
; 2 :=
γ(2)  ~p !(2) +m
2!
; (2.51)
with (k) := −γ(k)  P^ , project onto subspaces with positive and negative
scalar products respectively:
k 
(k)k = k ; +k (k)−k = −k (k)+k = 0 : (2.52)




In this notation two-nucleon propagator G0(p; P ) = S(p1)S(p2) appears
in a form which emphasizes the role of the spinor projectors,




































When the deuteron vertex is ΓP (~p; k
0) is independent of k0, the integral over
k0 in the normalization integral can now be carried out explicitly. From
∫
dk0S(p1)





























ΓP (~p) = 1 ; (2.55)
which by eq. (2.30) also gives the value of the total charge correctly.
If we dene the unconstrained BSLT propagator, g^0, by






2! −M ; (2.56)
the normalization condition for the deuteron vertex implies the normalization


















d3~p0 ’(~p0)N(~p0; ~p)’(p) = 1 ; (2.58)
where N(p^0; ~p) is dened as
N(~p0; ~p) := (1)(2)(3)(~p0 − ~p)− 1
42
∫








This expression shows explicitly how the suppressed negative energy compo-
nents contribute to the normalization integral through the last term on the
right hand side.
The propagator (2.56), when multiplied by (k0), has the required large-
time limit,
lim











which is the same as the large-time limit (2.27) of the unconstrained two-
nucleon propagator. The residue of the pole at M = 2! is determined by the
requirement (2.60). Considerable freedom is left for the choice the of other
features of this function [13]. The most common choice [14]:












diers from (2.56) by the factor 2!=(! + 1
2
M) which can easily be absorbed
into the potential and the wave function. In ref. [15] the following alternative
choice is used:
gHT (p; P ) :=
(γ(1)  p1 −m)(γ(2)  p2 −m)
4i[1
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Finally the propagator recently proposed by Mandelzweig and Wallace [16]
is in our notation
























These propagators include negative-energy spinor components in the quasipo-
tential wave functions in dierent ways. For the purposes of our discussion
the propagator (2.56) is the most convenient as it leads to the most explicit
interpretation of the exchange currents that arise in the quasipotential re-
duction.
2.3 The BSLT impulse approximation and exchange currents
In order to isolate in eqs. (2.30) and (2.31) a term that represents the
impulse contribution in the quasipotential framework we use the identities
G0(p; Pi)ΓPi(p)  (k0)’Pi(~p; 0)
√






0; k00) 0(2) + ΓPf (p
0)1(p0; Pf); (2.65)
where  0(k) := −γ0(k) P^f . The propagator complements (p; P ) and 1(p; P )
are dened as
(p; P ) := G0(p; P )− g0(p; P ) = +(p; P ) + −(p; P ) ; (2.66)
and
1(p; P ) := S(p1) + g^0(p; P )
(2) = +1 (p; P ) + 
−
1 (p; P ) : (2.67)
Here + and +1 are projections into positive-energy components
+(p; P ) := g^0[D
+(k0) +D+(−k0)− (k0)] ; (2.68)
and






M − k0 − i
(2) ; (2.69)
while − and −1 are the remainders which involve negative-energy compo-






























−1 (p; P ) := −+1 −2 (2)D+(−k0) + −1 D−(k0) : (2.70)
The desired isolation of a reduced BSLT impulse term can now be achieved
by means of the identity
S(p01)K
(1)G0(p; Pi)  −g^0(p0; Pf) 0(2)K(1)g0(p; Pi)
−g^0(p0; Pf) 0(2)K(1)(p; Pi) + 1(p0; Pf)K(1)G0(p; Pi) ; (2.71)
which yields the following separation of the single nucleon current matrix
element (2.30):
hPf jJIAµ (0)jPii = hPf jJ iaµ (0)jPii+ hPf jJrelµ (0)jPii+ hPf jJexµ (0)jPii : (2.72)
The rst term










dk0 ’(~p0; k00) 0(2)K(1)(k0)’(~p; k0) + (1 $ 2) ;
(2.73)
represents the impulse approximation in the BSLT framework. Here ~p0 and





















M − k00 − i
0(2)K(1)[D+(k0) +D+(−k0)]’(~p; k0)
}
+ (1 $ 2) ; (2.74)
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represents relativistic eects that vanish for Q2 = 0. With instantaneous



















M − k00 − i
0(2)K(1)µ 
−(p; Pi)VPi’(~p; k0)
+VPf’(~p0; k00)−1 (p0; Pf)K(1)µ [D+(k0) +D+(−k0)]’(~p; k0)
+VPf’(~p0; k00)−1 (p0; Pf)K(1)µ −(p; Pi)VPi’(~p; k0)
}
+ (1 $ 2) ; (2.75)
involves negative-energy spinor components of the wave functions and the
large energy denominators characteristic of the so-called pair currents [17, 18].
Here we have used the notation
VPi’(~p; k0) 
∫
d~p00VPi(~p; k0; ~p00; 0)’(~p00; 0): (2.76)
This decomposition of the impulse approximation matrix element into a re-
duced impulse approximation and exchange current components depends on
the choice (2.53) for the quasipotential propagator. The alternate quasipo-
tential choices (2.59) and (2.60) would lead to dierent decompositions, and
to less obvious interpretations of the associated exchange current contribu-
tions. In the calculation of the electromagnetic form factors of the deuteron
in ref. [15], which was based on the propagator (2.59) only the associated
impulse approximation current matrix element was taken into account.
The additional dynamical exchange currents required by current conser-
vation are considered in the next section.
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3. Current conservation and the minimal exchange current
Gauge covariance of the single-nucleon propagator in the presence of electro-
magnetic elds implies the requirement that the three-point current vertex,
K(1)µ (p
0
1; p1), must satisfy the the Ward-Takahashi identity [8, 9]






−1(p01)− S−1(p1)] : (3.1)
The usual phenomenological form for extended nucleons (2.33) violates this
requirement. In ref. [6] it was pointed out that this defect can be cured by
assuming the general form



















Since the divergence of the last two term vanishes identically the the modi-
ed current vertex (3.2) manifestly satises the Ward-Takahashi identity.
When the Ward-Takahashi identity (3.1) is applied to the relativistic
impulse approximation (2.30) for the current we nd that












[G0(p; Pi)−G0(p0; Pf)] ΓPi(p) + (1 $ 2) : (3.3)
This result shows that the impulse approximation does, in general, not satisfy
current conservation. Therefore the presence of an exchange current matrix
hPf jJEXµ (0)jPii is required such that the full current is conserved,
QµhPf jJIAµ (0)jPii+QµhPf jJEXµ (0)jPii = 0 : (3.4)
When G0 is replaced by g0 +  in the matrix element (3.3) the BSLT
equation (2.43) yields the result
17
















VPi(p0 − 12Q; p)
+
∫












+(1 $ 2) ; (3.5)
where
P (p) := g0(p; P )ΓP (p) = (k
0)’(~p; k0)
p
2P 0 : (3.6)
A \minimal" exchange current vertex K^EX0 that suces to restore current
conservation has the form


































+(1 $ 2) : (3.7)
where q := p0−p− 1
2
Q. Only the longitudinal part of this exchange current is
determined by the requirement of current conservation. The transverse part
of the exchange current is however consistent with meson-exchange models
[6]. Since the right-hand side of eq. (3.3) is independent of the nucleon form
factors the \minimal" exchange currents are obviously independent of the
nucleon structure [6]. One can, of course, add any purely transverse two-
body current to the \minimal" exchange current, K^EX0 . Such \model depen-
dent" additions should be motivated by models of the underlying structure.
Consideration of meson-exchange models suggest [6] the modication of the
transverse part by a factor representing meson structure,
JEXµ ! JEXµ + [JEXµ −
Qµ
Q2
(Q  JEX)][FM (Q)− 1] ; (3.8)
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where FM(Q
2) is an arbitrary mesonic form factor.
The interpretation of the two terms in the \minimal" exchange current
(3.7) is straightforward. The rst term, which is linear in the quasipotential,
represents the exchange current that is associated with the isospin depen-
dence and the non-locality of the quasipotential V. It would vanish in the
case of an isospin independent quasipotential that depends only on the invari-
ant momentum transfer. Such a term term is required, for the same reasons
in the framework of the Bethe-Salpeter formalism [6]. The quadratic term
arises specically from the quasipotential reduction. It vanishes in the static
limit.
In practical calculations it is necessary to combine the minimal exchange
current (3.7) with the eective two-body current (2.75) which arose from the
quasipotential reduction. The sum of the exchange current matrix elements
(3.7) and (2.75) gives the total exchange-current matrix element that is ap-
propriate to the BSLT framework.
4. Phenomenological exchange currents
Exchange current eects are known to be signicant in a number of elec-
tronuclear reactions. The relative magnitude of the exchange currents typ-
ically increases with momentum transfer [19]. It is therefore important to
describe exchange currents by methods that respect both Lorentz-covariance
and current conservation. In most applications exchange current operators
have however been derived on the basis of nonrelativistic approximations to
Fock-space representations of quantum eld theory. Such approximations
cannot be expected to be reliable for large values of the momentum transfer.
The Bethe-Salpeter formalism provides one approach to overcome these
limitations. The problem then is to establish contact with the quantum
mechanical description of bound-state structure. For this purpose we have
exploited covariant quasipotential reductions to derive eective exchange cur-
rents (2.75) and (3.7). Here we will compare our relativistic expressions with
the usual nonrelativistic phenomenological results. For simplicity we assume
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that V depends solely on the invariant 4-momentum transfer q2 := (p0 − p)2,
VP (p0; p) = V(p0 − p) = v+(q2) + v−(q2)~ 1  ~ 2 ; (4.1)
where q := p0 − p. The isospin dependence has been made explicit in order
to illuminate the relation between isospin dependence and the exchange cur-
rents.












where ~p0 and k00 are related to ~p and k0 by the impulse constraint (2.37). In
this form it is evident that this term vanishes in the static limit and remains
small for moderate values of Q2. We therefore neglect the contribution of
this term to the exchange current (3.7) for the following discussion.
With the assumption (4.1) for the potential the exchange current dened











d3~p ’(~p0; 0)( (1) (2))3 ~qµ
~q Qv
−(~q2)’(~p; 0) (4.3)
where ~q := ~p0 − ~p. This exchange current is formally identical to that em-
ployed in the literature for the currents associated with exchange of mesonic
systems with isospin 1 [20, 21, 22].
The other component of the required exchange current is the pair current
Jexµ , dened in eq.(2.75), which arises as a consequence of the quasipoten-
tial reduction. In the static limit the rst and second term of the exchange





spectively. Thus only matrix elements of K(1)µ that connect the large and
small components contribute to these terms. In the last term there are also
contributions diagonal in the small components which contribute to the nor-

















































+ (1 $ 2) : (4.4)
The rst two terms on the r.h.s. have the same form as the pair currents
that arise in the conventional quantum mechanical framework. The last
term represents the electromagnetic current of the suppressed negative en-
ergy components. This derivation clearly exhibits the approximations that
underlie the conventional form of the pair current operators.
5. Discussion
The derivation above of the eective exchange currents to be used in the
quasipotential formalism is general enough to be applied to the axial current
of the two-nucleon system. In the case of the axial current the impulse ap-
proximation and eective exchange currents are given by the general expres-
sions (2.73) and (2.75), once the kernel K(1)µ is taken to be the axial current
kernel for a single nucleon. These expressions will then permit a more sys-
tematic approach to the derivation of the eective axial pair currents, which
are known to be important in rst forbidden nuclear -transitions [22, 23]
and pion production reactions [24]. Since axial currents are not conserved
there is no analog to the dynamical exchange current (3.7).
Some remarks are in order concerning comparisons of BS-BSLT phe-
nomenology with Hamiltonian quantum mechanics. The relations are tenu-
ous at best. The formal relations to equal-time Fock-space representations of
the quantum eld theory exist only perturbatively. They involve the equal-
time constraints, discussed in the early history of the subject by Levy, Klein
and Macke [13], rather than the BSLT constraints which have prevailed more
recently. Quantum eld theory describes system of innitely many degrees of
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freedom and physical nucleons are necessarily composites. The reduction to
an eective two-nucleon dynamics is thus qualitatively similar to the treat-
ment of atoms and molecules as inert particles. This analogy also illuminates
the role of the static limit. Our fully relativistic result has been cast into a
form in which the static limit allows comparison with nonrelativistic treat-
ments. On the other hand it is obvious from the denition of the BS wave
functions that there is no simple functional relation to the square integrable
functions representing states in relativistic Hamiltonian dynamics [25, 26].
In that formulation of dynamical models the number of degrees of freedom is
restricted at the outset and an explicit unitary representation of the Poincare
group in the two-nucleon Hilbert space provides both the dynamics and the
Lorentz transformations. Current conservation and Lorentz covariance imply
dynamical constraints on the current operators.
The main results of this paper are based on the the exact Mandelstam
relation (2.25) together with vertex identity (2.45). On that basis we de-
rived an explicit expression for the eective exchange current (2.75) without
approximations. No assumptions have been made in the derivations of the
formulae in this paper on the explicit form of the quaspotential V. Thus any
unconstrained polyzouquasipotential tted to two-nucleon data may be used.
Boson exchange models have the virtue of relating interaction currents to the
exchange of bosons and lead to a simple dynamical interpretation of the dif-
ferent components of the eective exchange current. Such models serve to
motivate the otherwise arbitrary transverse part of the dynamical exchange
current (3.8).
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Appendix
The four-vector ~p is a function of three independent variables
ka := ua(P )  p ; (A.1)
where ua(P ) are three orthonormal vectors which are orthogonal to P^ :
ua(P )  ub(P ) = a,b ; ua(P )  P^ = 0: (A.2)
The projections of the relative four-momenta p and p0 into the hyperplane
spanned by the initial and nal four-momenta Pi and Pf can be expressed
as linear combinations of orthonormal four vectors. Dierent choices for this















where ~Qi and ~Qf are projections ofQ perpendicular to Pi and Pf respectively,
~Qi := Q− Pi Q
P 2i
Pi ; ~Qf := Q− Pf Q
P 2f
Pf ; (A.4)
and the subscript ? indicates the projections orthogonal to the hyperplane
spanned by Pi and Pf . A basis symmetric in the initial and nal states is
specied by the orthogonal unit vectors Q^ := Q=
p




[Pi + Pf ]− (Pi + Pf) Q
2Q2
Q ; (A.5)




In this basis the momentum constraint of the impulse approximation, p0−p =
1
2
Q, takes the simple form,










where the four Lorentz scalars k0B
0, k0B , kBQ and k
0
BQ are dened by
p = k0BP^B + kBQQ^+ p? ; p
0 = k00BP^B + k
0
BQQ^+ p? : (A.8)
The Jacobian of the variable transformation k0; kQ ! k0B; kBQ is unity.
We have
d4p = d2p?dkQdk0 = d2p?dkBQdk0B ; (A.9)
and
(4)(p0 − p− 1
2
Q) = (2)(p0? − p?)(k0BQ − kBQ −
p
)(k00B − k0B) : (A.10)
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